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mobilize different interspecific response mechanisms. Fewer studies, however, have
host health and fitness responses to increasing ectoparasite burdens along with the
presence/absence of hemoparasites of free‐ranging insular rock iguanas (Cyclura cychlura) in The Bahamas. Using hematology, plasma biochemistry, as well as body con‐
dition and growth rate comparisons, we failed to find significant associations of tick
burdens with annual growth rate, corticosterone, packed cell volume, total white
blood cell, and heterophil, monocyte, eosinophil or hemoglobin measures. We did,
however, find mixed and significant associations of tick burdens with lymphocyte and
basophil counts, heterophil‐to‐lymphocyte ratios, and body condition indices. These
associations varied by sex, size, and hemoparasite infection status suggesting that
different life stages of iguanas may invest differently in immune responses, and im‐
pacts may be modulated based on size and sex of hosts, and coinfection status.
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1 | I NTRO D U C TI O N

& Möstl, 2004; Raouf, Smith, Brown, Wingfield, & Brown, 2006;
Wanless, Barton, & Harris, 1997). As such, host life histories are

Parasites are widespread in natural ecosystems and, by definition,

often mediated by parasites (Bull & Burzacott, 2006; Fitze et al.,

infer some cost to their hosts (Watson, 2013). Indeed, parasites can

2004; Michalakis & Hochberg, 1994) and are the outcomes of mani‐

hinder growth and reproduction (Fitze, Tschirren, & Richner, 2004;

fold adaptive behavioral responses to reduce the harmful effects of

Uller & Olsson, 2004) and reduce long‐term survival in their hosts

parasitism (Bui, Oppedal, Samsing, & Dempster, 2017; Moore, 2002).

(Hair, Hoch, Buckner, & Barker, 1992; Jones et al., 2016; Madsen,

To avoid costly effects of parasitism, hosts can mount a range of

Ujvari, & Olsson, 2005). Parasitic infestation can also affect bio‐

general defense strategies broadly including avoidance, resistance,

chemical and hematological values in their hosts (Quillfeldt, Masello,

and tolerance (Råberg, Graham, & Read, 2009). Owing to the high

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2019 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
1946

|

www.ecolevol.org
	

Ecology and Evolution. 2019;9:1946–1956.

|

KNAPP et al.

1947

cumulative fitness costs of parasitism, there is strong selection for

Resistance protects the host at the expense of the parasite, while

parasite avoidance—relying on indirect cues driven by long‐term

tolerance mitigates host costs without negatively affecting the para‐

associations—to minimize infection risk (Weinstein, Buck, & Young,

site. However, hosts that are good at reducing parasite burdens may

2018). Resistance and tolerance are host traits that have evolved to

not necessarily appear the healthiest, while hosts with high parasite

alleviate the health and fitness effects of parasitism. In general, re‐

burdens can at times appear healthy (Råberg, 2014). For example,

sistance is a physiological response by the host to reduce parasitic

Jackson et al. (2014) documented an increase in body condition and

burdens (including immunological resistance), while tolerance is the

enhanced survival in male rodents infected with the most parasites.

ability of a host to reduce the negative effect of infection on fitness

An important metric to quantify the potential costs of parasitism on

at a set parasitic burden (Råberg et al., 2009). Each of these strate‐

animal hosts is the difference in health and fitness parameters in re‐

gies could be influenced by predators (Marino, Holland, & Middlemis

lation to varying parasite burden, and how this relationship may be

Maher, 2014), climate (Jones et al., 2016), or host traits (Comas,

modulated by interactions with other parasites (Råberg et al., 2009).

Ribas, Milazzo, Sperone, & Tripepi, 2014). For instance, levels of risk

Reptiles in the wider Caribbean are parasitized by a unique commu‐

in hosts of different ages and body sizes will vary due to differences

nity of acarine ectoparasites (Durden, Knapp, Beati, & Dold, 2015)

in their susceptibility to infection and in their age‐acquired immunity

and provide an interesting opportunity to study these host–parasite

(Holland et al., 2007; Tinsley et al., 2012). Ultimately, host health and

relationships under different but natural burden scenarios. In this

fitness may depend not only on the ability of a host to limit parasite

study, we analyze host health and fitness responses to increasing

burdens (avoidance and resistance) but also the damage caused by a

ectoparasite burdens along with the presence/absence of hemopar‐

given parasite burden (tolerance).

asites of free‐ranging Exuma Island rock iguanas, Cyclura cychlura

In parasitized hosts, ectoparasitic ticks are often assumed to

figginsi (Barbour, 1923) in The Bahamas, using hematology, plasma

confer a cost because when in large numbers adult ticks can con‐

biochemistry, as well as body condition and growth rate comparisons.

sume a potentially significant amount of blood (Bull & Burzacott,

The health condition of animals is often assessed using widely

1993) and act as vectors for pathogens (Dunlap & Mathies, 1993).

accepted veterinary tools including hematology and plasma bio‐

Investigations focusing on host–ectoparasite interactions in lizards,

chemistry screening (Stacy, Alleman, & Sayler, 2011). Indeed, there

however, have revealed asymptomatic to severe health and fitness

is growing evidence regarding hematological effects of parasites in

consequences (Bull & Burzacott, 1993; Jones et al., 2016; Main &

birds (Norte et al., 2013; Wanless et al., 1997), but relatively little

Bull, 2000; Sorci & Clobert, 1995) suggesting that there are dif‐

work has been done to investigate similar host–parasite interactions

ferent interspecific response mechanisms in reptiles. For example,

in reptiles (Jacobson, 2007). We tested the hypothesis that parasites

Galápagos marine iguanas (Amblyrhynchus cristatus) modify sleep lo‐

affect health of rock iguanas by analyzing changes in hematological

cations, presumably as an ectoparasite avoidance strategy (Wikelski,

characters (i.e., mean packed cell volume, hemoglobin, total white

1999). Ectoparasite resistance in sand lizards (Lacerta agilis) has been

blood cell counts, absolute leukocyte counts, and heterophil‐to‐lym‐

linked to genetics (Olsson et al., 2005) and higher immunocompe‐

phocyte ratios) with increasing tick burdens.

tence in side‐blotched lizards (Uta stansburiana; Spence, Durso,

Glucocorticoids are also often used to measure health in wild an‐

Smith, Skinner, & French, 2017), while tolerance has been docu‐

imals. Corticosterone is the primary adrenal glucocorticoid hormone

mented in other lizard species (Bull & Burzacott, 1993; Gutsche,

produced in reptiles and birds to promote responses against stress‐

Mutschmann, Streich, & Kampen, 2012; Rivas, 2008). Fewer studies,

ful events (Hanke & Kloas, 1995), including ectoparasitic infestation

however, have examined in detail the intraspecific responses to ec‐

(Raouf et al., 2006). If ticks act as chronic stressors, however, prolonged

toparasitic burdens in lizards (Bull & Burzacott, 1993).

elevated corticosterone concentrations can disrupt normal physiolog‐

Blood‐borne apicomplexan endoparasites (hereafter referred as

ical functions in reptiles (Guillette, Cree, & Rooney, 1995) and lead to

hemoparasites) are also found in many reptiles (Spence et al., 2017)

stress‐related disease and pathology (Romero, Dickens, & Cyr, 2009).

and can have variable effects on their hosts. Brown, Shilton, and

Thus, we tested the hypothesis that high parasite load is associated

Shine (2006) failed to find empirical links between hemoparasite

with elevated glucocorticoid levels (Maier & Watkins, 1999).

numbers and measures of fitness in keelback snakes (Tropidonophis

Ectoparasites and associated host blood loss can lead to re‐

mairii) including body condition, growth and feeding rates, and re‐

generative anemia, resulting in changes in energy use, with energy

productive output. In Lilford's wall lizards (Podarcis lilfordi), however,

being channeled into regeneration and self‐maintenance rather than

there is a significant negative correlation between intensity of hemo‐

growth (Bull & Burzacott, 1993). This could lead to decreased host fit‐

parasite infection and burst speed (Garrido & Pérez‐Mellado, 2014).

ness because clutch size is related to body size in C. cychlura (Knapp,

Iguanas (Conolophus spp.) with high hemoparasite loads from the

Iverson, & Owens, 2006). The few studies addressing growth conse‐

Galápagos show significant alterations in heterophil‐to‐lymphocyte

quences of ectoparasite infestation suggest inconsistent responses

ratios (Onorati et al., 2017), while hemoparasites are uncorrelated

of increased ectoparasite burden in lizards (Uller & Olsson, 2004;

with survival in the common lizard, (Lacerta vivipara; Sorci, Clobert, &

Cox & John‐Adler, 2007; Jessop et al., 2010). Likewise, most stud‐

Michalakis, 1996). In some reptile species, immunocompetence (i.e.,

ies demonstrate a nonsignificant effect on body condition with in‐

bacterial killing ability) is only higher in individuals infected with both

creased ectoparasite burden (e.g., Brennan, Censky, & Powell, 2009;

hemoparasites and ectoparasites (Spence et al., 2017).

Spence et al., 2017; but see Klukowski & Nelson, 2001) suggesting
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that the precise energetic mechanisms for these effects are not clear
(Cox & John‐Adler, 2007). Based on previous studies, we tested the
hypothesis that there would be no growth or body condition costs
associated with intensity of tick parasitism.

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Ethic statement
We minimized animal manipulations, handling times, and stress, in
accordance with Shedd Aquarium veterinary and research commit‐
tee guidelines, and with approval from The Bahamas Environmental,
Science and Technology Commission. Samples were exported and
imported under CITES permits issued to CRK.

2.2 | Focal species and study sites
We conducted our study on C. cychlura figginsi, which is a large‐bod‐
ied (max. snout–vent length and body mass: 58.0 cm and 7.94 kg, re‐
spectively) herbivorous lizard, inhabiting isolated cays in the Exuma
Islands chain, Bahamas. We conducted research on White Bay
(4.6 ha), Noddy (5.9 ha), and North Adderly (5.9 ha) Cays in the south‐
ern Exuma Islands. The cays are characterized by low plant species
richness, and similar diversity (Knapp et al., 2013). See Knapp and
Alvarez‐Clare (2016) for description of representative vegetation
communities for iguana‐inhabited cays. The tick species recorded
from these southern Exuma Islands is Amblyomma torrei (Figure 1a).
We also collected limited metrics (tick burden and body condition)
from iguanas inhabiting Gaulin (13.2 ha) and Bitter Guana (73.5 ha)
Cays in the central Exuma Islands. The tick species recorded from
these two cays is A. albopictum (Figure 1b; Durden et al., 2015).

2.3 | Corticosterone and hematology
From 28 to 31 March 2010, we captured iguanas from the three cays
in the southern Exumas (White Bay [N = 40], Noddy [N = 33], and
North Adderly [N = 43] Cays) using fish‐landing nets and nooses.
Immediately following iguana capture, we collected blood samples
by venipuncture of the ventral coccygeal vein using a heparinized
syringe and stored them in vacutainer tubes containing sodium hep‐
arin. We collected all samples within 3 min of capture because cor‐
ticosterone concentrations, the predominant glucocorticoid present
in reptiles (reviewed by Moore & Jessop, 2003), start to increase
3 min after the initiation of an acute stressful stimulus in iguanas
(Romero & Reed, 2005). After initial capture and blood sampling, we

F I G U R E 1 Blood‐engorged female tick (Amblyomma torrei)
attached to a male host Exuma Island Rock Iguana (Cyclura cychlura
figginsi) from the southern Exuma Cays (a); male ticks (A. torrei)
from the southern Exuma Cays (b); and male ticks (A. albopictum)
from the central Exuma Cays (c) in The Bahamas. Photograph
credits Spencer Hudson (a) and Charles Knapp (b and c)

analyzed a 0.1 ml subsample of blood immediately in the field using
a VetScan i‐STAT blood gas analyzer (Abaxis, Union City, CA, USA)

analyses by radioimmunoassay after extraction with dichlorometh‐

with CG8+ cartridges to record hemoglobin.

ane (Wingfield, Vleck, & Moore, 1992) with an intra‐assay variability

We stored vacutainer tubes on ice until returning to the por‐

of 8%. The remainder of each blood sample was used to perform he‐

table laboratory aboard our research vessel, where samples were

matological evaluations. A small amount was placed into a microhe‐

processed within 12 hr of collection. We centrifuged a portion of

matocrit tube and centrifuged to measure packed cell volume (PCV)

each sample to harvest and immediately freeze plasma. We sent

using standard methodology (Voigt & Swist, 2011). We prepared

frozen aliquots to Tufts University (MA, USA) for corticosterone

two blood films per iguana by mixing an aliquot of blood with a 22%

|
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TA B L E 1 Summary statistics for iguana hematological
parameters. Ninety‐five percent confidence intervals are listed
parenthetically beside corresponding mean values. Sample sizes
ranged from 40 to 43 for males and 20 to 22 for females because of
differences in numbers of subjects with complete data. Sample size
for growth rates includes 13 males and 10 females
Adult males
Corticosterone (ng/ml)

4.5 (3.0–6.0)

Adult females

1949

recorded them as male, female, or as nymph/larvae. We calculated
body condition indices (Stevenson & Woods, 2006) for each indi‐
vidual as the BM (in g)/SVL (in cm3). In other studies, lizards with high
tick burdens 1 year tended to have high burdens the next year (Bull
& Burzacott, 1993). To test for similar results, we performed paired t
tests on tick burdens at first and last capture and found no significant
difference (t = 0.139, df = 34, p = 0.890). We also calculated growth

5.9 (3.7–8.1)

rates from 23 iguanas from the southern Exumas (White Bay, Noddy,

Average PCV (%)

26.0 (24.6–27.3)

25.3 (23.2–27.4)

and North Adderly Cays) recaptured during subsequent March study

Hematocrit value (%PCV)

21.7 (20.5–23.0)

20.4 (19.2–21.6)

seasons. The number of days between recaptures ranged from 747

7.1 (5.9–8.2)

6.9 (5.1–8.7)

to 2,275 days (mean = 1692 days). Growth rate was estimated as the

2.0 (1.6–2.4)

1.9 (1.2–2.6)

difference in SVL between the first and last captures, divided by the

2.4 (1.8–3.0)

1.8 (1.3–2.3)

Monocytes (103 cells/μl)

1.3 (1.0–1.5)

1.4 (0.9–2.0)

Eosinophils (103 cells/μl)

0.8 (0.5–1.0)

1.1 (0.6–1.7)

WBCs (103 cells/μl)
3

Heterophils (10 cells/μl)
3

Lymphocytes (10 cells/μl)

3

Basophils (10 cells/μl)

0.7 (0.5–0.9)

0.7 (0.4–0.9)

Hemoglobin (g/dl)

7.4 (7.0–7.8)

6.9 (6.5–7.3)

Heterophil:Lymphocyte ratio

1.2 (0.9–1.5)

1.1 (0.8–1.4)

Body condition index (10 −2)

4.3 (4.1–4.4)

4.3 (4.2–4.4)

Growth rate (10 −3 mm/day)

1.8 (1.2–2.4)

0.8 (0.3–1.4)

number of days separating the two captures.

2.5 | Statistical analysis
To isolate the potential effects of feeding ticks, we considered tick
burdens using both the number of attached ticks of all stages on the
host (total tick burden) and as the burden of only ticks that feed on
their hosts (adult females, larvae, nymphs; feeding tick burden). We
used Spearman rank correlation coefficients to describe correlations
between SVL and both total and feeding tick burdens. We used two

bovine serum albumin (BSA) solution (Sigma‐Aldrich, Inc., St. Louis,

sample t tests and analyses of variances (ANOVA) to compare mean

Missouri, USA) at a ratio of one drop BSA to five drops of blood.

total and feeding tick burdens between sexes and across cays, re‐

An additional amount of blood was stained using a phloxine B solu‐

spectively. We further analyzed significant ANOVAs using pairwise

tion (Avian Leukopet kit; Vetlab Supply, Inc., Palmetto Bay, Florida,

tests of means, with p‐values adjusted for inflated type I error rates

USA) and read for total white blood cells (WBC) using the Neubauer

using the false discovery rate approach (Benjamini & Hochberg,

hemocytometer method (Campbell, 2015).

1995).

One of us (ANS) fixed and stained the blood films with Wright‐

We restricted our regression analyses to only adult iguanas

Giemsa at the University of Illinois College of Veterinary Medicine

(SVL ≥ 26 cm) because smaller (i.e., younger) iguanas experience

and reviewed each slide. We recorded the presence or absence of

faster growth rates. Of the 116 adult iguanas captured, 65 provided

hemoparasites for each blood film from each animal but did not

complete data on hemoparasite infection. Thus, sample sizes for re‐

confirm taxonomy, though the cytologic appearance of the hemo‐

gression analyses ranged from 60 to 65 individuals, depending on

parasites was compatible with Haemogregarina spp. Most organ‐

the completeness of data on respective outcome variables. No indi‐

isms were oblong in shape, filled nearly or approximately half of the

viduals from Bitter Guana or Gaulin Cays were included in regression

erythrocyte cytoplasm, and curved around the erythrocyte nucleus,

analyses because hemoparasite data were not collected from these

with little or no nuclear displacement. Lower numbers of organisms

sample populations. Additionally, growth rate data were available for

were rounded and of variable diameter. We also performed a 100‐

23 adults.

cell differential leukocyte count on the two blood films prepared

We fit multiple regression models addressing the relationship

from each study animal. We then averaged the two differential

between individual hematological and physiological variables (sum‐

counts and combined the mean with data from the hemocytometer

marized in Table 1), body condition index (BCI), and growth rates

using a standard formula (Campbell, 2015), to calculate total leuko‐

with total and feeding tick burdens to data from 65 adult iguanas

cyte count and absolute numbers of each leukocyte type (cells/µl).

from Noddy (n = 21), North Adderly (n = 21), and White Bay Cays

We used absolute numbers for each cell type in our analyses as rec‐

(n = 23). Our regression models controlled for SVL, cay, and sex as

ommended by Stockham and Scott (2008). We also calculated the

potential confounders of the association between outcome variables

heterophil‐to‐lymphocyte ratio (H:L), which increases in response to

and tick burdens. We included interaction terms in our full models

stress in other reptiles (Mader, 2000).

that accounted for a varying effect of tick burden on hematologi‐
cal parameters based on iguana sex, size, and cay. We also included

2.4 | Body condition and growth

an interaction term that accounted for the differential effect of tick
burdens based on whether an individual tested positive for a hemo‐

We measured snout–vent length (SVL), tail length (TL), and body

parasite infection. In total, we fit thirteen multiple regression models

mass (BM) of each iguana and sexed by cloacal probing for hemi‐

of the following form to the data: y ~ Cay + Sex + SVL + Hemopara

penes. During processing of each iguana, we counted ticks and

site + Tick Burden + Cay:Tick Burden + Sex:Tick Burden + SVL:Tick

1950
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Burden + Hemoparasite:Tick Burden, where y represents one of
the 13 hematological/physiological variables (i.e., hematocrit, he‐
moglobin and packed cell volume values, body condition index, het‐
erophil:lymphocyte ratios, white blood cell, heterophil, lymphocyte,
monocyte, eosinophil, and basophil counts, corticosterone concen‐

KNAPP et al.

3 | R E S U LT S
3.1 | Total tick burden
3.1.1 | Summary statistics

trations, and annual growth rates). We acknowledge that different

Total tick burden was positively correlated with SVL (r = 0.465,

distributional assumptions apply to different hematological/phys‐

p < 0.001). Mean total tick burdens did not significantly differ be‐

iological outcome variables. Therefore, we used separate multiple

tween males and females (males: 20.8 ticks, 95% CI: 17.6–30.0,

linear regressions to model hematocrit, hemoglobin, and packed cell

range = 2–75; females: 17.1 ticks, 95% CI: 13.7–20.6, range = 3–64;

volume values, along with body condition index and heterophil:lym‐

p = 0.125; Figure 2a). Bitter Guana and Noddy Cay had signifi‐

phocyte ratios, respectively. We used negative binomial regressions

cantly higher mean burdens of ectoparasitism relative to other

to model outcome variables associated with cell count data (i.e.,

sites (Bitter Guana: 29.7, 95% CI: 22.4—37.0; Noddy: 33.8, 95%

white blood cell, heterophil, lymphocyte, monocyte, eosinophil, and

CI: 24.9—42.7; Figure 2b). Sixty‐five adults provided data on he‐

basophil counts), and log‐normal regression models to model corti‐

moparasite infection, with overall prevalence of hemoparasitized

costerone and growth rate data, respectively.We plotted residuals of

hosts estimated at 55% (95% CI: 43–68%). Mean tick burden did

the fitted regression models for each of the hematological and phys‐

not differ significantly between individuals with or without he‐

iological variables to evaluate compliance with regression model

moparasite infection (infected: 21.2 ticks, 95% CI: 15.3–27.0; un‐

assumptions. Depending on whether a linear model or generalized

infected: 19.7 ticks, 95% CI: 14.8–24.6; p = 0.712).

linear model was used, we evaluated F‐statistics or chi‐square statis‐
tics associated with tick burden using type III ANOVA on fitted mod‐
els. Based on fitted regression models for each outcome variable

3.1.2 | Regression analyses

that were significantly associated with tick burden, we then calcu‐

After accounting for cay and interactions with sex, size, and presence

lated predicted (i.e., least squares) means across observed tick bur‐

of hemoparasites, total tick burden was found to be significantly as‐

den levels. These predicted means were adjusted for the effects of

sociated with increases in BCI (F1,53 = 8.03, p = 0.006), increases

cay, sex, SVL, and interactions therein. When SVL interaction terms

in lymphocyte count (𝜒12 = 5.15, p = 0.023), increases in basophil

were significantly associated with the outcome variable, predicted
means across tick burden levels were calculated at three SVL val‐
ues based on sample tertiles (small = 27.8 cm; moderate = 31.1 cm;

count (𝜒12 = 5.30, p = 0.021), and decreases in H:L ratio (F1,51 = 5.97,
p = 0.018). No significant associations were found between total tick

burden and annual growth rate, corticosterone (𝜒12 = 1.56, p = 0.212),

large = 35.8 cm). We conducted all statistical analyses in R 3.4.0 (R

packed cell volume (F1,61 = 0.215, p = 0.645), total white blood cell

Core Development Team, 2017).

(𝜒12 = 1.28, p = 0.258), heterophils (𝜒12 = 0.013, p = 0.910), monocytes

F I G U R E 2 Bivariate associations
between tick burden and covariates:
SVL, sex, cay, and hemoparasite infection
status. Mean total and feeding tick burden
estimates from 43 adult males and 22
adult females are presented in panels
(a) and (c), respectively. Panels (b) and
(d) represent the distributions of total
and feeding tick burdens, respectively,
from iguanas captured at each cay during
the sampling period (nBitter Guana = 15,
nGaulin = 36, nNorth Adderly = 24, nNoddy = 21,
nWhite Bay = 35,). Symbols on panels (b) and
(d) correspond to significant differences in
mean tick burden among individuals from
focal cays and (*) Bitter Guana, (†) Gaulin,
(‡) North Adderly, and (φ) White Bay Cays,
after adjusting for inflated type I errors
using the false discovery rate approach

|
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F I G U R E 3 Predicted means of hematological and physiological variables that were significantly associated with total tick burden. Panels
represent predicted means stratified by significant modifiers of tick burden effects (i.e., SVL and/or sex or hemoparasite infection status).
Lines represent predicted means (and 95% confidence bands) as a function of tick burden and SVL, using three values of SVL based on
sample tertiles (solid line: 27.8 cm; dashed line: 31.1 cm; dotted line: 35.8 cm)

(𝜒12 = 0.083, p = 0.773), eosinophils (𝜒12 = 0.081, p = 0.775), or hemo‐

smaller‐sized individuals (SVL ≤ 31.1 cm), but declined for larger

There was a significant interaction between mean BCI and

with total tick burden for smaller‐sized individuals, but decreased for

globin values (F1,56 = 0.011, p = 0.918).

SVL (F1,53 = 7.35, p = 0.009) and mean BCI and sex (F1,53 = 6.03,

individuals (Figure 3e). Predicted mean basophil counts increased
larger individuals (Figure 3f).

p = 0.017). For both sexes, BCIs of larger individuals (SVL = 35.8 cm)
declined with increases in total tick burden (Figure 3a,b); however,
BCIs of smaller males (SVL = 27.8 cm and 31.1 cm) increased with
tick burden (Figure 3a). Predicted mean BCIs of female iguanas de‐
clined with total tick burden, though the extent of this decline var‐

3.2 | Feeding tick burden
3.2.1 | Summary statistics

ied by SVL and was most notable for large females (Figure 3b). A

Results associated with feeding tick burdens generally mirrored

significant interaction between total tick burden and SVL was de‐

those of total tick burdens with few exceptions (Figure 2). Feeding

tected for H:L ratios (F1,51 = 4.33, p = 0.012), whereby predicted

tick burden was not significantly correlated with SVL (r = 0.157,

mean ratios of larger individuals increased with tick burden, but

p = 0.074). There was, however, a significant linear correlation be‐

decreased for smaller individuals (Figure 3c). Additionally, interac‐

tween SVL and number of male ticks (i.e., total ticks − feeding ticks)

tions between total tick burden and SVL (𝜒12 = 6.20, p = 0.013), and

detected on individual iguanas (r = 0.577, p = <0.001). Additionally,

= 11.22, p = 0.001)

only Noddy Cay was significantly different from other sites with re‐

were significantly associated with lymphocyte count. For iguanas

spect to mean feeding tick burdens (29.9 ticks, 95% CI: 26.0–33.8,

uninfected with hemoparasites, mean lymphocyte counts, adjusted

Figure 2d). Mean feeding tick burden did not differ significantly be‐

for covariates, declined with increasing total tick burden regardless

tween individuals with or without hemoparasite infection (infected:

of SVL (Figure 3d). Among hemoparasite‐infected iguanas, lym‐

17.0 ticks, 95% CI: 11.4–22.5; uninfected: 15.4 ticks, 95% CI: 11.0–

phocyte counts increased as a function of total tick burden among

19.9; p = 0.677).

total tick burden and hemoparasite infection

(𝜒12
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3.2.2 | Regression analyses

have more surface area at preferential attachment sites for male
ticks. Temperature stability in larger iguana hosts may also play a

After accounting for cay and interactions with sex, size, and hemopar‐

role as ticks in the genus Amblyomma prefer a relatively narrow,

asite infection, feeding tick burden was found to be significantly

warm band of host temperature for peak mating activity (Chilton

associated with overall increases in BCI (F1,53 = 6.22, p = 0.016),

& Andrews, 1987). There was no significant difference in mean

increases in basophil count

(𝜒12

= 5.94, p = 0.015), increases in lym‐

tick burden between male and female host iguanas suggesting that

phocyte count (𝜒12 = 3.87, p = 0.049), and decreases in H:L ratio

these ticks lack an ability to differentiate between host sex (Pollock,

these effects were often moderated by size, sex, and hemopara‐

Studies have reported elevated ectoparasitic infestation in

sitism. Significant interactions were found between BCI and SVL

higher‐density lizard populations (Bull, 1978; Smith, 1996). We sus‐

(𝜒12 = 5.29, p = 0.025) and sex (𝜒12 = 5.51, p = 0.023). For both sexes,

pect that the significantly elevated total tick burdens for iguanas

BCIs of larger individuals (SVL = 35.8 cm) declined with increases in

from Noddy and Bitter Guana Cays may also be driven by higher

feeding tick burden (Supporting Information Figure S1a,b); however,

population densities. Noddy Cay supports the highest density of

BCIs of smaller males (SVL ≤ 31.1 cm) increased with feeding tick

iguanas (>45 iguanas/ha) from an undisturbed population (C. R.

burden (Supporting Information Figure S1a). Predicted mean BCIs

Knapp, unpublished data), while iguanas from Bitter Guana Cay con‐

of females primarily declined with feeding tick burden, though the

gregate in high densities (100 iguanas/ha) on beaches to be fed by

rate of decline was most pronounced for large females (Supporting

tourists. The proximity of individuals may facilitate the transfer of

Information Figure S1b). A significant interaction between feeding

ectoparasites and is supported by evidence that these iguanas expe‐

tick burden and SVL was also detected for H:L ratio (F1,51 = 5.76,

rience a greater incidence of endoparasitic infection at higher‐den‐

p = 0.020), whereby predicted mean ratios of larger individuals in‐

sity sites (Knapp et al., 2013).

(F1,51 = 5.02, p = 0.029); however, the direction and magnitude of

Vredevoe, & Taylor, 2012).

creased with tick burden, but decreased for smaller individuals
(Supporting Information Figure S1c). Effects of tick burden on lym‐
phocyte counts were also moderated by SVL (𝜒12 = 4.55, p = 0.033),

4.2 | Hematological parameters and hemoparasitism

as well as hemoparasitism (𝜒12 = 11.44, p = 0.001), with predicted

Though the specific functions of inflammatory cells remain poorly

means of nonhemoparasitized hosts declining with feeding tick bur‐

investigated in reptiles, increases or decreases in absolute counts

den across all sizes, but increasing for smaller sizes among hemopar‐

of the leukocyte line may support clinical suspicion of inflammation,

asitized hosts (Supporting Information Figure S1d,e). Predicted

possibly in response to macroparasitic infection (Campbell, 2015).

mean basophil counts increased with feeding tick burden for small‐

Indeed, wild tuatara (Sphenodon punctatus) experience an increase in

sized adults, but declined in adults with SVL ≥ 31.1 cm (Supporting

total leukocytes (WBC) associated with tick burden (Burnham, Keall,

Information Figure S1f).

Nelson, & Daugherty, 2006). However, these results are somewhat
inconsistent, as other studies across different taxa have failed to find

4 | D I S CU S S I O N
4.1 | Sex and island differences in tick burdens

effects of ectoparasite burdens on leukocyte concentrations (Heylen
& Matthysen, 2008; Sperry, Butler, Romero, & Weatherhead, 2008).
After accounting for confounders, we found significant associations
between tick burden and basophil counts, and lymphocyte counts,

In this study, we failed to find significant associations of tick burdens

though the association between feeding tick burden and lympho‐

with annual growth rate, corticosterone, packed cell volume, total

cytes only approached significance. The association between tick

white blood cell, and heterophil, monocyte, eosinophil or hemo‐

burden and basophils, regardless of sex, size, or feeding category, in‐

globin measures. We did, however, find mixed and significant asso‐

creased as a function of tick burden, possibly as a first‐stage inflam‐

ciations of tick burdens with lymphocyte and basophil counts, H:L

matory response (histamine release) to tick attachment or tick‐borne

ratios, and body condition indices. These associations varied by sex,

pathogens (Jacobson, 2007).

size, and hemoparasite infection rate supporting the supposition

Lymphocyte counts remained stable or declined as a function of

that different life stages of animals may invest differently in immune

total or feeding tick burden for all iguanas in our study except igua‐

responses (Jackson et al., 2014; Soulsbury, Siitari, & Lebigre, 2018),

nas in the smallest size class (26.5 cm SVL) that were infected with

or impacts may be modulated based on size and sex of hosts.

hemoparasites (Figure 3e). Overall, immunological reactions to tick

Our results demonstrate that total tick burdens are positively as‐

burden appeared to favor innate over adaptive immune responses

sociated with SVL; however, there is no association with SVL when

for older individuals. Specifically, lymphocyte counts tended to de‐

accounting for only ticks that consume a blood meal from their hosts

crease with tick burden (Figure 3d), whereas H:L ratios tended to

(nymphs, larvae, adult females), suggesting that adult male ticks are

increase with tick burden (Figure 3c). Immunosenescence (i.e., the

driving the positive relationship between SVL and total tick burden.

decline in adaptive immune responses with age) has also been doc‐

This relationship may be driven by competition among male ticks for

umented in other reptiles (Ujvari & Madsen, 2006). Differential pat‐

space because ticks tend to aggregate in preferential attachment

terns of immune investment could relate to trade‐offs associated

sites on lizard hosts (Dudek et al., 2016). Thus, larger iguanas may

with the energetic costs of innate vs. adaptive immune responses,
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and immune tolerance v. pathogen clearance responses through‐

in smaller iguanas. All iguanas in this study were sexually mature and

out the lifetime of the host (Kutzer & Armitage, 2016; Rynkiewicz,

presumably subject to similar stressors associated with mating, re‐

Pederson, & Fenton, 2015). Increased inflammatory responses

production, nest construction, and defense (Knapp & Owens, 2005,

associated with ectoparasitism could have also contributed to de‐

2008; Webb, Iverson, Knapp, DeNardo, & French, 2018) supporting

creases in BCI for females and older males. For adult females, the

the supposition that higher H:L ratios with increasing tick burdens

energetic costs of clearing infection associated with tick attach‐

in larger iguanas are an immunological response associated with in‐

ment may outweigh the benefits given the additional physiological

creased energy expenditures in certain hosts (Sheldon & Verhulst,

demands associated with reproduction (Rynkiewicz et al., 2015).

1996).

McDade, Georgiev, and Kuzawa (2016) hypothesized that low nu‐
tritional resource availability, low coinfection burden, and high
mortality risk could bias investment toward innate immunity; how‐

4.4 | Growth and body condition

ever, it is difficult to determine whether our data fully support this

Contrary to our prediction, body condition was negatively associ‐

claim. Stronger adaptive immune responses were observed among

ated with tick burden for females and large males. Interestingly,

younger iguanas, especially when hemoparasite coinfections were

trends in plots corresponding to H:L ratios were essentially the in‐

present (Figure 3c,e). This is consistent with the findings from a pre‐

verse (or opposite) of those depicted in plots corresponding to body

vious study that also observed stronger adaptive immune responses

condition indices (Figure 3c,d). Larger iguanas demonstrated the

in reptiles coinfected with hemoparasites and ectoparasites (Spence

highest predicted mean H:L ratios and also the most pronounced

et al., 2017).

declines in BCI as a function of tick burden. We suspect that these
relationships are related to stress associated with greater energy ex‐

4.3 | Corticosterone and heterophil‐to‐
lymphocyte ratios

penditure for mate seeking, territory defense, and/or reproduction
(Davis et al., 2008). Interestingly, BCI appeared to increase as a func‐
tion of tick burden for small‐ and moderate‐sized males. Smaller‐ and

Previous studies evaluating the effects of tick burden on glucocorti‐

medium‐sized male iguanas may be unconstrained from territorial

coid levels of lizards have yielded conflicting results. For example, as

defense and roam larger areas in search of food. Smaller males may

in this study, tick burden did not correlate with corticosterone levels

also illicit minimal responses from larger territorial males, further

in side‐blotched lizards (U. stansburiana; Spence et al., 2017) or in

allowing them to roam freely. Larger activity areas may potentially

two iguana species, Conolophus marthae and C. subcristatus (Onorati

expose these males to more ticks, or infected conspecifics, but si‐

et al., 2017). However, Hanley and Stamps (2002) have reported a

multaneously provide opportunities to eat more calories and access

negative correlation between the intensity of ectoparasite burden

to seasonal, higher‐quality diets. Though growth rates remained un‐

and glucocorticoid plasma concentrations in black spiny‐tailed igua‐

changed as a function of tick burden (see below), this supposition

nas (Ctenosaura similis). The actual effect of tick burden on corticos‐

warrants further investigation by expanding the size ranges and ani‐

terone concentrations most likely depends on multiple factors such

mals under study and investigating size‐specific home ranges.

as reproductive status and food limitations, thus requiring seasonal

The few studies that have used growth as a testable effect of

sampling. For example, ectoparasite burden was only positively re‐

parasite burdens have focused on smaller species with shorter life

lated to corticosterone early in the reproductive season, at the time

spans, while recording growth over days to weeks (Uller & Olsson,

of ornamental color formation in sand lizards, Lacerta agilis (Lindsay,

2004; Cox & John‐Adler, 2007). We recorded growth rates over a

Wapstra, Silverin, & Olsson, 2016).

mean of 1692 days and failed to find significant evidence that tick

We did detect a significant association between tick burdens and

infestation negatively affects growth. It may be that these lizards are

H:L ratio, which has been argued to be a more representative and

tolerant of ectoparasitic infestation and that they may not impose

accurate measure of stress responses in wildlife (Davis, Maney, &

growth costs (e.g., Spence et al., 2017; Uller & Olsson, 2004; but see

Maerz, 2008; Romero & Reed, 2005). Additionally, we did find an

Klukowski & Nelson, 2001). Alternatively, it may be that tick burdens

overall correlation with H:L and corticosterone levels using all 65

in our study were below any threshold to induce fitness costs related

iguanas in the study (Supporting Information Figure S2) as inferred

to growth (Jessop et al., 2010).

from other studies (reviewed in Davis et al., 2008). One challenge
in interpreting leukocyte profiles in wildlife is distinguishing be‐
tween responses associated with inflammation or disease and stress

4.5 | Future considerations

responses associated with high‐energy expenditures (Davis et al.,

We did not investigate reproductive output within our suite of physi‐

2008). For example in birds, H:L ratios can increase in response to

ological processes. When individuals are exposed to stressors such

parasitic infection (Davis, Cook, & Altizer, 2004; Lobato, Moreno,

as parasites, more energy is needed than is typically available, result‐

Merino, Sanz, & Arriero, 2005) and the stress of long‐distance mi‐

ing in changes to resource allocation among competing physiological

gration (Owen & Moore, 2006). Our models predicted notable in‐

processes including reproduction (Lucas & French, 2012). Indeed,

creases in H:L ratios with tick burden for larger iguana hosts, while

ectoparasitic burdens are known to negatively affect reproductive

these ratios remained stable in medium‐sized iguanas and decreased

success of birds (Fitze et al., 2004). Even though other studies in

1954
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short‐lived reptiles found a positive correlation between hemopara‐
site load and host reproductive effort (Sorci et al., 1996), we suggest
expanding studies to include reproductive output as a response vari‐
able in both hemo‐ and ectoparasitic investigations. Resource real‐
location may perhaps play a larger role in long‐lived reptiles where
clutch size varies with body size, and when there are more oppor‐
tunities to oviposit over a lifetime (Knapp et al., 2006). Additionally,
several ectoparasites including bloodsucking arthropods act as
vectors for pathogens (Heylen & Matthysen, 2008), which can re‐
sult in sublethal impacts such as reduced social interaction, altered
thermoregulatory behavior, and altered energy reserves in lizards
(Paranjpe et al., 2014; Schall, 1982). Therefore, future investigations
should explore the behavioral and energy reallocation consequences
of these parasites.
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